Abstract 15-Lipoxygenase-1 (15-Lox-1) as a member of fatty acid dioxygenases family has received considerable attention as an effector of cancer cell growth. The relevance of sodium butyrate on 15-Lox-1 pathway has not been determined in breast cancer. This study is aimed to investigate the possible involvement of 15-Lox-1 in the regulation of breast cancer cell growth by sodium butyrate. MTT assay was used to assess the cytotoxicity effect and Annexin-V-FITC staining was applied for detection of apoptosis using flow cytometry. The involvement of 15-Lox-1 was examined using 15-Lox-1 specific inhibitor and enzyme gene expression level and activity was further analyzed by Real-time PCR and measurement of 13(S)-HODE. The results revealed that sodium butyrate increased the expression of 15-Lox-1 and production of 13(S)HODE. 15-Lox-1 was also involved in the sodium butyrate-induced breast cancer cell cytotoxicity and apoptosis. This study provided more evidences on the positive effectiveness of 15-Lox-1/13(S)-HODE on controlling growth of breast cancer cells.
Introduction
Breast cancer imposes a considerable number of cancer-related mortality among women in the world (Lambrechts et al. 2011) . Many scientific attempts are directed to find more efficient therapeutic approaches for managing breast cancer and reducing its related mortality (Fallahian et al. 2012; Giancotti 2006; Hoshyar et al. 2015) . Aberrant expression of proteins responsible for cellular growth and apoptosis, is highly correlated to tumorigenesis (Burdick et al. 2006; Kasibhatla and Tseng 2003; Salimi et al. 2013) 15-lipoxygenase (15-Lox) belongs to the non-heam iron containing deoxygenase family, which is responsible for metabolism of polyunsaturated fatty acids. Two types of human 15-Lox isomers have been recognized: 15-lipoxygenase-1 (15-Lox-1) and 15-lipoxygenase-2 (15-Lox-2). 15-Lox-1 catalyzes the deoxygenation of linoleic acid and produces 13-S-hydroxyoctadecadienoic acid (13(S)-HODE) as its primary product (Brash 1999) . The function of 15-Lox-1 is associated with cellular growth and differentiation and it has widespread tissue expression (Comba et al. 2010 ). 15-Lipoxygenase-2 (15-Lox-2) oxidizes arachidonic acid at the 15th carbon and produces 15-S-hydroxyeicosatetraenoic acid (15(S)HETE) subsequently. Unlike widespread expression of 15-Lox-1, the expression of 15-Lox-2 is restricted to a limited number of tissues including the prostate, skin, esophagus, and cornea (Suraneni et al. 2014) . Multiple lines of evidences have elucidated the relationship of 15-Lox-1 and cancer cell growth and development. Down regulation of 15-Lox-1 in malignancies such as lung (Yuan et al. 2010) , colon (Shureiqi et al. 1999) , esophageal (Xu et al. 2003) , pancreatic (Hennig et al. 2007 ) and breast (Jiang et al. 2006) cancer have been reported so far which was associated with low level of 13(S)-HODE and contributed to cancer progression (TavakoliYaraki et al. 2013; . However, the expression of 15-Lox-2 was down regulated or completely lost in prostate cancer therefore most investigations are devoted to peruse its role in prostate cancer development (Tang et al. 2009 ). It has been reported that 15-Lox-1 expression is regulated by methylation, acetylation or through binding of STATs (signal transducer and activator of transcription) to their binding sites in 15-Lox-1 promoter , however, the expression of 15-Lox-2 is not regulated by acetylation but other regulatory mechanisms, such as, regulation by glucocorticoid receptors are proposed instead (Feng et al. 2010) . Acetylation is a well-described molecular mechanism mediating epigenetic modulation of genes. Acetylation of lysine residues at the N terminus of histone proteins neutralizes the positive charge and decreases the affinity of DNA to histones and results in subsequent relaxation of chromatin structure and more accessibility of the promoter of target genes to transcription factors. This process is reversed by histone deacetylases which leads to suppression of gene expression (Margueron et al. 2004) . The relationship between deregulation of HDACs and cancer progression has been wellevidenced in the literature (Lane and Chabner 2009) . In support of this, development of histone deacetylase inhibitors (HDACi) has received much attention due to their positive role on cellular pathways (Bolden et al. 2006) . Sodium butyrate is a natural short-chain fatty acid and a well-known HDACi which affects cell proliferation, differentiation and apoptosis (Davie 2003) . Several studies have shown that sodium butyrate regulates cancer cell growth via induction of apoptosis (Natoni et al. 2005) . Different mechanisms are proposed to be involved in the sodium butyrate-elicited apoptosis including cell cycle arrest, inhibition of DNA double strand break repair, and oxidative stress (Cao et al. 2015; Paskova et al. 2013) . However, the molecular mechanism underlying sodium butyrate-induced apoptosis has yet to be elucidated. Based on previous studies, 15-Lox-1 was notably down-regulated in human breast cancer samples and its main product 13(S)-HODE was reduced accordingly which was associated with cancer severity (Jiang et al. 2006) . Therefore, activation of 15-Lox-1 is proposed to have beneficial effect on induction of apoptosis. Understanding the relationship between lipoxygenase and sodium butyrate anticancer effects may brighten the mechanistic details of sodium butyrate-induced apoptosis in breast cancer which might be further exploited in cancer therapy. Therefore, this study is aimed to investigate whether sodium butyrate can regulate cell proliferation through the 15-lipoxygenase-1 pathway. To aim this, tightly cohesive MCF-7 and triple negative highly metastatic MDA-MB-468 cells were selected and treated with different concentrations of sodium butyrate then the gene expression and activity of 15-Lox-1 was further assessed. The role of 15-Lox-1 in sodium butyrate-induced cell toxicity and apoptosis was evaluated using 15-Lox-1 specific inhibitor.
Materials and methods
Chemical reagents and materials RPMI 1640, trypsin/EDTA, NaCl/Pi, penicillin and streptomycin were purchased from Gibco (Rockville, MD, USA). PD146176, the annexin-V-FITC apoptosis detection kit, MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] and dimethylsulfoxide and sodium butyrate were obtained from Sigma-Aldrich (Munich, Germany). 13(S)HODE ELISA kit was provided by Assay Design (Ann Arbor, MI, USA). Trizol and High Capacity RNA-to-cDNA Kit were purchased from Invitrogen (Grand Island, NY, USA). The SYBR Green kit was obtained from Qiagen (Hilden, Germany).
Cell culture
The human breast cancer cell lines, MCF-7 and MB-MDA-468 were obtained from the Pasteur Institute of Iran. The cells were cultured in RPMI 1640 medium containing 10 % (v/v) fetal bovine serum, 100 U/ml of penicillin and 100 lg/ml of streptomycin and subsequently were maintained at 37°C with an atmosphere of 5 % CO 2 and 100 % humidity. For collecting and passaging the cells, cells were exposed to trypsin at the confluence of 70-100 %. Trypsin facilitates the cell separation by affecting focal adhesion of cells. The collected cells were used freshly or were frozen and stored at -80°C for further experiments.
Cell viability assay
For determination of sodium butyrate toxicity on cells, MTT assay was selected as a method of choice. MCF-7 and MB-MDA-468 cells were seeded in 96-well plates at 5 9 10 3 cells/well in RPMI 1640 (supplemented with 10 % fetal bovine serum, 100 U/ml of penicillin and 100 lg/ml of streptomycin) in 5 % CO 2 at 37°C until nearly confluent. Cells were treated with 0.5, 1 and 5 mM of sodium butyrate and incubated for 24, 48 and 72 h. To evaluate the viability of cells, 20 ll of MTT (5 mg/ml in PBS) was added to each well then incubated for 4 h at 37°C, the supernatant of each well was removed and formazan crystals were dissolved in 200 ll of dimethylsulfoxide. The absorbance values were read using a microplate reader (Bio-Rad, Hercules, CA, USA) at 570 nm. In all experiments treated groups were compared with vehicle control groups (DMSO) and the percentage of cell viability was calculated, respectively. Data are representative of at least three experiments. The viability of cells toward treatment by sodium butyrate (0.5, 1 and 5 mM) for 24, 48, and 72 h were measured and the involvement of 15-Lox-1 was assessed following measurement of cell viability in the presence and absence of PD146176 (0.5 lM) for 48 h, respectively. For indicating the role of 15-Lox, cells were pretreated with PD146176 (0.5 lM) as an specific 15-Lox inhibitor then exposed to sodium butyrate (5 mM) for 48 h for further assessments.
ELISA measurement of 13(S)HODE Level
An 13(S)HODE immunoassay kit were used to measure the concentration of 13(S)HODE (Assay Design, Ann Arbor, MI, USA) according to the manufacturer's instructions. Briefly, 3 9 10 5 cells were seeded per each well and treated with sodium butyrate at the final concentrations of 0.5, 1 and 5 mM for 48 h, lysis buffer was used for lysing the cells and protein concentration was determined by Bradford's Method. 0.2 M HCl were applied to acidify the medium and organic phase of each sample was extracted using saturated ethyl acetate. 100 ll of extracted samples were taken and placed in with anti-13(S)HODE antibodies pre-coated plates followed by administration of 100 ll of 13(S)HODE-horseradish peroxi-2 dase (HRP) conjugate (1:1000), the plates were incubated for 2 h, washed, and incubated for extra 2 h in the presence of conjugate and 13(S)HODE-enzyme conjugate substrate (which is PNPP for conjugated enzyme). The measurement of 13(S)HODE absorbance was performed using microplate reader (Bio-Rad) at 405 nm.
Assessment of apoptosis and cell death
Detection of apoptosis was conducted using Annexin-V-FITC kit and flow cytometry according to the manufacturer's specifications. Briefly, treated and untreated cells were seeded in 6 well plates then harvested at the density of 1 9 10 6 cell/ml and washed with PBS. 500 ll of 19 binding buffer were used to re-suspend cell pellets, 5 ll of annexin-V-FITC and, 5 ll of PI were added to each sample followed by gentle vortex. After incubation for 10 min at room temperature, cells were analyzed by FACSCalibur flowcytometer (BectonDickinson, SanJose, CA, USA). Analysis was further performed using the supplied software in the instrument (BD CellQuest software).
Reverse transcription-PCR
For determining the effect of sodium butyrate on 15-Lox-1 expression, analysis of 15-Lox-1 mRNA expression was evaluated using quantitative real-time RT-PCR. Total RNA of cells were extracted by Trizol (Invitrogen, Grand Island, NY, USA) according to the manufacturer's instructions. RNA integrity was determined by agarose gel electrophoresis. Then cDNA was synthesize from 1 lg of total RNA with singlestranded cDNA using high capacity RNA-to-cDNA Kit according to the manufacturer's protocol (Invitrogen) which was targeted as a template for analysis of 15-Lox-1 using the SYBR Green kit (Qiagen) in an ABI 7500 Sequence Detection System (Applied Biosystems, Foster City, CA, USA). The level of relative gene expression were normalized to the GAPDH expression level (housekeeping gene) and evaluated by the 2 -DDCt analysis method. The primer sets applied were: 15-lox-1: Forward: 5 0 -gaccgagggtttc ctgtctc-3 0 and Reverse: 5 0 -tgtctccagcgttgcatcc-3 0 , glyceraldehydes-3-phosphatedehydrogenase (GAPDH):
0 .
Statistical analysis
Non-parametric one-way analysis of variance (ANOVA) with post hoc Dennet's test and turkey's multiple comparison test was selected for analysis and data were compared using software GraphPad Prism. All experiments were performed in triplicate and repeated three times at least. Data are presented as mean ± SD and differences were considered significant for P \ 0.05, P \ 0.01 and P \ 0.001. The statistical differences were determined by asterisk and shown as *P \ 0.05, **P \ 0.01, ***P \ 0.001 in the corresponding figures.
Results

15-Lox-1 inhibition attenuates sodium butyrateinduced cell toxicity in breast cancer cells
To investigate the cytotoxic effect of sodium butyrate on growth rate of MCF-7 and MDA-MB-468 breast cancer cells, MTT assay was carried out. PD146176 was selected as specific 15-Lox-1 inhibitor to evaluate the role of 15-Lox-1 (Sendobry et al. 1997) . The inhibitory effect of PD146176 on 15-Lox-1 has been proven previously and as it was shown in our previous study that PD146176, alone, did not influence cell viability in its mentioned concentration (TavakoliYaraki et al. 2013) . As indicated in Fig. 1a , b, the viability of cells was decreased significantly following treatment with sodium butyrate (0.5, 1, and 5 mM) for 24, 48, and 72 h). Our results have shown that the percentage of viable cells was reduced following treatment with sodium butyrate in a dose and timedependent manner. Accordingly, treatment of MCF-7 cells with 5 mM of sodium butyrate resulted in the reduction of 25 and 48 % of cell viability after 48 and 72 h, respectively (Fig. 1a) . Treatment of MDA-MB-468 cells with 5 mM of sodium butyrate reduced cell viability about 28 and 45 % after 48 and 72 h (Fig. 1b) .The inhibition of 15-Lox-1 significantly decreased the cytotoxic effect of sodium butyrate in MCF-7 (P \ 0.05) (Fig. 1c) and MDA-MB-468 cells (P \ 0.05) (Fig. 1d) . The abrogation of sodium butyrate cytotoxic effect following 15-Lox-1 inhibition emphasized on the possible role of 15-Lox-1 in the pathway of sodium butyrate-induced cytotoxicity.
Inhibition of 15-Lox-1 diminshed the induction of apoptosis triggered by sodium butyrate in the breast cancer cells Induction of apoptosis was determined using annexin V and PI double staining method and further analyzed by flow cytometry with BD CellQuest software. In this regards, annexin V-positive, PI negative cells are known as early apoptotic cells while annexin V-positive, PI positive were recognized as late apoptotic cells. MCF-7 and MDA-MB-468 cells were treated with 5 mM of sodium butyrate for 48 h, and then analyzed by Flow cytometry. Controls were annexin V-negative and PI-negative cells. Following treatment with sodium butyrate, a significant increase was observed in the percentage of apoptotic cells at early stage in MCF-7 (P \ 0.001) and MDA-MB-468 (P \ 0.001) which is shown in Fig. 2a (MCF-7), 2b (MDA-MB-468). PD146176 was applied as a specific 15-Lox-1 inhibitor in order to assess the role of 15-Lox-1 in sodium butyrate-induced apoptosis. Cell were pretreated with PD146176 (0.5 lM) following treatment with sodium butyrate and the status of apoptosis were further analysis by flow cytometry. According to our results, inhibition of 15-Lox-1 reduced the sodium butyrate-elicited apoptosis in both cell lines MCF-7 (P \ 0.05) and MDA-MB-468 (P \ 0.01) as indicated in Fig. 2a , b, respectively.
13-S-hydroxyoctadecadienoic acid increased following treatment by sodium butyrate in the breast cancer cell lines
To determine the effect of sodium butyrate on 15-Lox-1 activity, the intracellular level of 13(S)-HODE was measured in response to sodium butyrate-treated cells. Cells were treated with 1 and 5 mM of sodium butyrate for 48 h and the level of 13(S)-HODE was measured using ELISA assay, accordingly. The level of 13(S)-HODE was significantly elevated in treated MCF-7 (P \ 0.01) and MDA-MB-468 (P \ 0.01) compared to untreated cells (Fig. 3a) . Based on our previous study, 13(S)-HODE induced apoptosis and cell death in MCF-7 and MDA-MB-231 (Tavakoli . However, to further characterize the involvement of 13(S)-HODE in sodium butyrate-induced breast cancer cell death, cells were treated with 13(S)-HODE (5 lM) alone and sodium butyrate (5 mM) ? 13(S)-HODE (5 lM) for 48 h and the rate of viable cells were determined using the MTT assay. Our data have shown the synergistic effect of 13(S)-HODE on sodium butyrate-induced cell death (Fig. 3b) .
Sodium butyrate increased the 15-Lox-1 gene expression in breast cancer cells Cells were treated with increasing concentrations of sodium butyrate for 48 h and the level of 15-Lox-1 gene expression was assessed using Real-time PCR. Our results demonstrated that sodium butyrate increased the expression level of 15-Lox-1 in both cell lines significantly, which is in line with the elevation of 15-Lox-1 activity in sodium butyratetreated cells (Fig. 4) .
Discussion
15-Lox-1 belongs to the lipoxygenase family which mediates oxidative metabolism of poly unsaturated fatty acids (Brash 1999) . 15-Lox-2, as another isoform of 15-Lox family, mediates production of 15(S)HETE and its expression is restricted to special tissues such as prostate and its regulation is under regulation of glucocorticoid receptors (Feng et al. 2010; Tang et al. 2009 ). Evidences have revealed that 15-Lox-1 was down regulated in colon (Shureiqi et al. 1999) , breast (Jiang et al. 2006) , lung (Yuan et al. 2010) , pancreas (Hennig et al. 2007 ) and esophagus (Xu et al. 2003) cancers. The low level of 15-Lox-1 was associated with reduction in the level of 13(S)-HODE as 15-Lox-1 main product. The expression of 15-Lox-1 is under direct control of epigenetic modifications including acetylation and methylation . It has been shown that suberoylanilide hydroxamic acid (SAHA) induced the expression of 15-Lox-1 in colorectal cancer cells. The increased expression of Fig. 2 The effect of sodium butyrate and 15-Lox-1 inhibition on induction of apoptosis in breast cancer cell lines. MCF-7 (a) and MDA-MB-468 (b) cells were treated with sodium butyrate (5 mM) for 48 h in the presence and absence of PD146176 (0.5 lM) and apoptosis was detected by flow cytometric analysis using annexin V and PI staining. The percentage of early apoptotic cells was increased significantly in both cells and PD146176 attenuated the effects of sodium butyrate on the induction of apoptosis in both cell lines. Data represent the mean ± SD of three separate experiments. Statistical differences between treated and untreated cells were analyzed by ANOVA (*P \ 0.05; **P \ 0.01; ***P \ 0.001) 15-Lox-1 was accompanied by elevation of 13(S)-HODE, inhibition of growth and induction of apoptosis in the mentioned cells (Hsi et al. 2004) . Acetylation is a well-studied molecular mechanism mediating epigenetic modulation of genes depending on the balance between activity of histone deacetylase and histone acetyl transferase (Haberland et al. 2009 ). Histone deacetylase (HDAC) inhibitors have emerged as anticancer candidates due to their wellestablished role on several cellular pathways (Bolden et al. 2006) . Sodium butyrate is a naturally occurring fatty acid recognized as an HDAC inhibitor which can affect cell growth through regulation of cell proliferation, differentiation and death (Davie 2003) . The molecular mechanism of cell death which is induced by sodium butyrate has yet to be elucidated. It has been shown that in both MCF-7 and non-cancerous human embryonic kidney 293 (HEK293) cells sodium butyrate induced cell cycle arrest by inhibiting the repair of double strand breaks in the cells which resulted in cell death (Li et al. 2015) . Also it has been proposed that up regulation of TRPM2 (Transient receptor potential cation channel, subfamily M, member 2) expression in bladder cancer cells is involved in the sodium butyrate-induced apoptosis (Cao et al. 2015) . Interestingly, energy metabolism of breast cancer cells can be affected by sodium butyrate however sodium butyrate manipulates metabolic pathways differently through attenuation of glycolysis and glucose 6-phosphate dehydrogenase activity in MCF-7 and activation of glucose 6-phosphate dehydrogenase and consumption of oxygen in MDA-MB-231 (Rodrigues et al. 2013 ). The effect of HDAC Fig. 3 13(S)-HODE was elevated in response to sodium butyrate in the breast cancer cell lines. MCF-7 and MDA-MB-468 cells were treated with sodium butyrate (1 and 5 mM) for 48 h and the production of 13(S)-HODE was measured using ELISA. The level of 13(S)HODE was increased following treatment with sodium butyrate in both cell lines (a). The combination of 13(S)-HODE and sodium butyrate induced cell cytotoxicity synergistically in MCF-7 and MDA-MB-468 cells (b). Data represent the mean ± SD of three separate experiments. Statistical differences between groups were analyzed by ANOVA (*P \ 0.05; **P \ 0.01; ***P \ 0.001) Fig. 4 The expression of 15-Lox-1 was increased in response to sodium butyrate in breast cancer cells. Cells were treated with sodium butyrate (1 and 5 mM) for 48 and relative gene expression level of 15-Lox-1 was evaluated. The expression level of 15-Lox-1 was significantly increased following treatment with sodium butyrate. The data represent mean ± SD of three separate experiments. Statistical differences between sodium butyrate-treated and untreated groups were analyzed by ANOVA (*P \ 0.05; **P \ 0.01) inhibitors on the regulation of 15-Lox-1 pathway has been exhibited in colorectal cancer (Hsi et al. 2004 ). Breast cancer is considered as a remarkable cause of cancer-related mortality among women in the world and many efforts are focused on improving therapeutic strategies. To the best of our knowledge data on the relevance of HDAC inhibitors and 15-Lox-1 pathway in breast cancer is lacking. This led us to study the effect of sodium butyrate on breast cancer cell growth and explore the possible involvement of 15-Lox-1 in the pathway that sodium butyrate applies to regulate breast cancer cell growth. Our results have shown that the percentage of viable cells was reduced following treatment with increasing concentration of sodium butyrate which is consistent with the effect of sodium butyrate on tongue (Li et al. 2014) , pancreas (Natoni et al. 2005) , and prostate (Paskova et al. 2013) . Accordingly, the sodium butyrate-induced cell death was significantly abrogated upon pretreatment with 15-Lox-1 inhibitor in MCF-7 and MDA-MB-468. Moreover, treatment with sodium butyrate resulted in an increased rate of early apoptotic cells which was consistent with the study on pancreatic cancer cell lines that were sensitized to apoptosis in response to sodium butyrate (Natoni et al. 2005) . Similarly, the percentages of early apoptotic cells treated with sodium butyrate were reduced following exposure to 15-Lox-1 inhibitor. The similar results were reported previously on the involvement of 15-Lox-1 in the HDAC inhibitor-induced apoptosis in colorectal cancer (Hsi et al. 2004) . Moreover, treatment of cells with sodium butyrate resulted in a significant increase in the gene expression of 15-Lox-1 in both cell lines. To get more insight into the effect of sodium butyrate on 15-Lox-1, the level of 13(S)-HODE as its main product was further evaluated. It has been revealed that 13(S)-HODE was notably elevated in cells upon exposure to sodium butyrate. Additionally, 13(S)-HODE synergized with sodium butyrate to reduce viable breast cancer cells which can further confirmed that sodium butyrate-elicited cell death might be mechanistically relevant to 15-Lox-1/13(S)-HODE pathway. Our results provided evidences that regulation of breast cancer cell growth by sodium butyrate is associated with induction of 15-Lox-1 and production of 13(S)-HODE in MCF-7 and MDA-MB-468. Notably, no significant differences were observed regarding the sensitivity of estrogen receptor positive (MCF-7) and negative (MDA-MB-468) cells to sodium butyrate. It can be suggested that sodium butyrate might exert its effect on breast cancer cell growth through 15-Lox-1 in an estrogen independent manner. To get more insight about the role of estrogen receptor, more studies are required.
The pro or anti tumorigenic role of 15-Lox-1 pathway is discussed controversially in the literature. It has been shown that 15-Lox-1 mediates invasion of tumor cells to the lymphatic vessels and further facilitates the metastasis of cells in mammary carcinoma (Kerjaschki et al. 2011 ). However, Jiang et al. (2006) have shown that the expression of 15-Lox was reduced in patients with breast cancer. They have demonstrated that the expression of 15-Lox was related to the degree and severity of breast cancer. According to their study, the lower expression of 15-Lox was detected in patients with developed metastasis and local recurrence or those who died as a result of breast cancer (Jiang et al. 2006) . The oncogenic role of 15-Lox-1 was confirmed by up regulation of mitogen activated protein kinase (MAPK) and reduction of PPAR-c (Hsi et al. 2002) . Based on evidences, in colorectal and lung cancer, 15-Lox-1 is down regulated in patients compared to controls (Shureiqi et al. 1999; Yuan et al. 2010 ). Accordingly, 15-Lox-1 might act as a tumor suppressor in colorectal and lung cancer. These inconsistencies might be related to the production of several lipid mediators and engagement of different signaling pathways downstream of 15-Lox-1 which are required to be unraveled in future studies. In conclusion, our study attempts to provide evidences that up regulation of 15-Lox-1 and elevation of 13(S)-HODE might be involved in the regulation of breast cancer cell growth following treatment with sodium butyrate. Our current findings alongside with our previous data on the importance of 15-Lox-1/13(S)HODE pathways emphasize on the importance of this pathway as a promising molecular pathway for regulation of breast cancer cell growth, however, this avenue of research is required to be investigated more comprehensively.
